The design and analysis of surface water pollution control practices such as vegetative filter strips and riparian buffers typically focus on surface runoff, with limited attention given to subsurface flow and transport. Field evidence suggests a prevalence of macropore flow (MF) in the riparian vadose zone (RVZ) due to abundant biological activity (e.g., fauna and roots) and steep hydraulic gradients created by the adjacent stream and the presence of a seasonally shallow water table (SWT). Because rapid leaching and subsurface transport of contaminants can be significant with MF, their prevalence in riparian buffers can negate the intended benefits of this widely adopted surface runoff pollution control practice. While theories exist for modeling preferential flow processes, experimental and modeling techniques are still lacking to characterize in situ RVZ macropore network morphologies at the soil profile and landscape scales. Importantly, the presence of a seasonal SWT can increase MF and transport processes neglected in current analyses. Additional research is needed to evaluate holistic modeling frameworks that can represent MF from measurable parameters at the riparian field scale. In this work, we review various MF theories and concepts suitable to RVZ conditions and identify current limitations and knowledge gaps. We emphasize the use of dual-permeability approaches as a compromise between model complexity and parameter identifiability. We also identify the need for wellcontrolled experimental studies using the latest monitoring technology and validation studies at the laboratory and field scales. Only then can decision-support tools realistically predict the influence of preferential flow processes on the performance of riparian buffers as a surface water quality control practice.
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Floodplains are important ecosystems influenced significantly by adjacent agricultural and urban land-use practices. Soil disturbance and agrochemicals applied to upland areas can lead to a release of contaminants, such as sediments, nutrients (N and P), and pesticides that degrade adjacent surface waters, reduce an ecosystem's resilience, and eventually result in a potentially irreversible regime shift of the aquatic environment with unpredictable consequences (Folke et al., 2004) .
Within floodplains, riparian zones are variable-width areas of natural or implanted vegetation (i.e., riparian buffers) bordering streams or channels. Because of their dense vegetation and high biological activity, riparian areas serve as a buffer and transition zone between the rest of the floodplain and the surface water body. Best management practices are often used to control water pollution, including the use of these riparian areas, by selecting vegetation and characteristics that reduce overall flow and transport. Thus, riparian buffers are often designed and managed as a best management practice to control surface runoff pollution (Lowrance et al., 1986; Cooper et al., 1987; Muñoz-Carpena et al., 1993; Hill, 1996; Carlyle and Hill, 2001 ). The hydrological transport processes taking place in riparian zones occur both along their surface toward a surface water body (i.e., surface runoff) and through their subsurface (i.e., leaching).
Core Ideas
• Riparian ecosystems are hotspots for macropore flow due to their biogeomorphology.
• Macropore prevalence can reduce riparian buffer pollution mitigation effectiveness.
• Characterization of macropore morphology and connectivity is needed in riparian zones.
• An effect of seasonal shallow water table on macropore flow is proposed.
• Integration of infiltration-soil moisture-macropore flow model into design tools is needed.
It is generally assumed that contaminant movement and deposition in riparian buffers occurs primarily in surface runoff, which is the case for sediment and sediment-bonded contaminants (P and sorbed pesticides). However, subsurface transport of dissolved contaminants can be significant in the case of nutrients and pesticides (Lowrance et al., 1984; Jacobs and Gilliam, 1985; Daniels and Gilliam, 1996; Puckett and Hughes, 2005) . Spatially variable infiltration may strongly affect the riparian zone buffering effectiveness (Osborne and Kovacic, 1993; Fuchs et al., 2009; Heeren et al., 2015) . In particular, some studies have suggested that P may leach significantly through structured soils due to preferential flow pathways in the riparian vadose zone (RVZ) (Stamm et al., 1998; Akhtar et al., 2003; Jarvis, 2007; Heeren et al., 2015) .
Preferential flow refers to conditions where the water is channeled through a small fraction of the soil profile. This includes the subcategories of finger flow, funnel flow, and macropore flow (MF) (Hendrickx and Flury, 2001; Jarvis et al., 2016) . Finger flow occurs due to heterogeneities in the soil (i.e., differences in density and/ or unstable wetting fronts) (Glass et al. 1989) . Funnel flow occurs due to obstacles such as water-repellent soils or sloping layers that redirect the water flow (Germann et al., 2007) . Macropore flow, instead, occurs in large, continuous, and structural openings in field soils, allowing fast movement of infiltrating water, solutes, and pollutants through these soil flow pathways (Schumacher, 1864; Beven and Germann, 1982; Hendrickx and Flury, 2001; Jarvis and Larsson, 2001; Gerke, 2006) . In this work, we focus on MF because of its expected predominance in the RVZ compared with the other subcategories of preferential flow.
Macropores in soils can be produced by biological activity such as root channeling or worm burrowing, hydrogeologic processes such as desiccation cracking or dissolution, and also by agricultural practices such as digging or plowing (Fox et al., 2004 (Fox et al., , 2012 Guzman et al., 2009; Wu et al., 2014) . Riparian ecosystems are uniquely susceptible to MF due to their intense biological and geomorphic activity, such as detrital deposition, abundant roots, and soil fauna, strong hydraulic gradients with the adjacent stream, and frequent drying-wetting cycles. Thus, soil macroporosity in the RVZ is pervasive, relatively densely distributed, and dynamic (Jarvis, 2007) . It is also dependent on a balance between constructive and destructive processes and, consequently, potentially influenced by changes in the relationship between the soil and the flora and fauna community, as well as by changes in external conditions such as climatic variations (Beven and Germann, 1982) . In addition, riparian areas, especially those located in lowlands, may be strongly influenced by a seasonal shallow water table (SWT) (Fox et al., 2018; Lauvernet and Muñoz-Carpena, 2018; Muñoz-Carpena et al., 2018) . A system with a SWT will have higher soil moisture and a lower infiltration capacity, resulting in a higher overland runoff transport rate and greater MF activation that ultimately can reduce riparian buffering efficiency.
It is commonly accepted that subsurface flows dominate the shape and magnitude of surface flow hydrographs (Sklash and Farvolden, 1979; Beven and Germann, 1982) . However, the interactions among surface runoff, MF, and SWT have not been appropriately quantified yet at the field scale (Heeren et al., 2010) . Because macropores are ubiquitous in the RVZ, dissolved and colloidal pollutants can be rapidly transported from the surface through subsurface pathways to a SWT and from there laterally to the adjacent stream (Thomas and Phillips, 1979; Heeren et al., 2010; Menichino et al., 2014; Carlyle and Hill, 2001) . As a result, the runoff pollution control efficiency of riparian buffers can be limited. This highlights the necessity of quantification of the impact of MF on the transport of pollutants through the RVZ, as well as the importance of studying the dynamic interactions among infiltration, MF, and a SWT.
In spite of the wide recognition of MF as a central challenge in hydrology and water quality , its analysis and application in management have been hindered by the difficulty of conceptualizing and parameterizing the process under realistic field conditions (Germann et al., 2007) . It is still unclear whether currently available experimental techniques are suitable for characterizing macropore structures at both soil profile and landscape scales. However, novel measurement and computational data analysis techniques offer new opportunities to address many still unsolved MF questions (i.e., macropore characterization and quantification, effects of connectivity, and effects of water repellency on MF generation) from the laboratory to the field scale (Jarvis et al., 2016) . As a complex system, the RVZ can also exhibit emergent behaviors from land-use and climatic changes; for example, a modification of rainfall patterns can alter the surface-subsurface partitioning of flow and transport and the prevalence of MF. With appropriate characterization and conceptual and modeling frameworks, the overlooked influences of MF on pollutant transport through riparian buffers must be included in management and decision-making tools.
Extensive reviews of MF have been done in the past (Šimůnek et al., 2003; Jarvis, 2007; Beven and Germann, 2013) but not for the important case of riparian buffers. Thus, the objective of this research is to review MF governing theories and models and identify knowledge gaps affecting their applicability to the riparian buffer zone. The influence of a seasonal SWT on flow and transport processes in riparian buffers is of critical importance. However, to the best of our knowledge, no work has been done in integrating the SWT influence on MF, soil matrix, and overland runoff. Hence, this influence is also summarized here. The critical need to characterize the morphology of macropore networks in the field is presented, where the relationships among the micro-, meso-, and macro-scales is still unclear and thus must be further explored. It is anticipated that this work will benefit the holistic knowledge of preferential flow and transport in the RVZ. This understanding provides foundational knowledge toward improving design tools of riparian buffers for surface water pollution control.
Physical Principles
To quantify the influence of MF on pollutant pathways in riparian areas, it is necessary to account for those processes occurring both in the RVZ and at its boundaries (Fig. 1) . In the vadose zone, the nature of the physical transport process is dependent on the flow domain considered, matric or macropore, and their interactions (Fig. 2) . In addition to the physical description of the integrated system, characterization of the parameters required in MF models represents a major challenge to upscale theories from the laboratory to the field scale.
The unsteady and highly variable nature of rainfall triggers variable water dynamics throughout the riparian system (i.e., overland runoff, matric infiltration, and a SWT). This in turn affects soil moisture distribution, the rates of MF and interactions with the soil matrix, and the total infiltration capacity of the soil. In addition, the typical presence of a seasonal SWT in the RVZ can significantly influence all these hydrological processes (Salvucci and Entekhabi, 1995; Liu et al., 2011; Muñoz-Carpena et al., 2018) . This section summarizes MF concepts that serve as a foundation for MF modeling and future perspectives.
Macropore Distribution, Morphology, and Measurement
Macropore flow occurs both in structured and in structureless soils. In structured soils, flow along macropores can bypass the soil matrix and even dominate the soil hydrology. Macropore flow occurs in large, continuous, and structural openings in field soils, allowing fast movement of infiltrating water, solutes, and particles through these soil flow pathways (Schumacher, 1864; Beven and Fig. 1. (a) Riparian area with buffer on the surface, showing the usual profusion of macropores in the riparian vadose zone (RVZ) and a shallow water table underneath (water subsurface flow is shown with white arrows) from infiltration until reaching the surface stream; and (b) riparian area during a rainfall event (overland runoff flow and subsurface transport is shown with white arrows)-when the RVZ gets close to saturation (in dark brown), ponds appear on the surface and macropores are more easily activated (in blue).
p. 4 of 20 Germann, 1982; Jarvis and Larsson, 2001; Gerke, 2006) . Evidence from tracer studies suggests that MF can move water about 100 to 200 times faster than the soil matrix flow (Germann and Di Pietro, 1999) . Based on their origin and morphology, Beven and Germann (1982) classified macropores as: (i) originated by soil fauna, such as ants, earthworms, moles, or wombats, where the shape is tubular, with diameters ranging from <1 mm to >50 mm, and large biopores are less common than small ones and more spaced as well; (ii) formed by plant roots, with a tubular shape, they may be smaller than the biopores and may comprise up to at least 35% of the volume of a forest soil, but this proportion may decrease rapidly with depth (Beven and Germann, 1982) and the structure will be species dependent; (iii) cracks and fissures usually made by desiccation of clay soils or chemical weathering of bedrock and where tortuosity and spacing of cracks increase with depth (Jarvis, 2007) ; and (iv) natural soil pipes formed by the erosive action of subsurface flows in permeable soils with high hydraulic gradients. All these MF sources are particularly prevalent in the RVZ because these areas are rich in biological activity, suffer from frequent wetting and drying cycles, and are characterized by strong hydraulic gradients with the nearby streams (Heeren et al., 2010 (Heeren et al., , 2015 Jarvis et al., 2016) .
In relation to macropore morphology and distribution, Edwards et al. (1988) showed an inverse proportionality between the number of pores and their diameter. They also showed that the number of pores in the 0.4-to 5.0-mm size range increases with depth until 30 cm, accounting for about 1.8% of the soil surface area at that depth. More than 80% of the pores are <1 mm, most of them made by plant roots, while most pores >1 mm are made by worms. Wormholes are continuous, mainly vertical, and seem to not interconnect with other macropores. This is important because smaller macropores are more densely distributed and more easily activated than larger macropores (Jarvis et al., 2016) . Jarvis (2007) reviewed experimental data for the last decade of research and suggested that most MF occurs through pore sizes of approximately 0.3 to 0.5 mm. Watson and Luxmoore (1986) and Heeren et al. (2017) reported that <1% of the soil volume (occupied by macropore networks) was responsible for the movement of 96% of the water flow. Nevertheless, the proportion of cross-sectional area occupied by MF pathways is dependent on the soil texture. Structured clay soils are major routes for the displacement of pollutants, with arrival times considerably faster than in sand soils under ponded conditions (Bergström and Shirmohammadi, 1999) .
The extent to which macropore distributions can be characterized limits our current ability to realistically model infiltration and the transport of contaminants through the soil (Edwards et al., 1988) . It is still unclear how to determine and parameterize the presence and characteristics of macropores in situ (Germann et al., 2007) . The search for reliable techniques to characterize MF has been a major concern in MF modeling for decades. In the 1980s, there was an increasing interest in MF, especially after the work of Sklash and Farvolden (1979) and Thomas and Phillips (1979) . Luxmoore (1981) suggested a classification of MF based on pore sizes. However, Bouma (1981) , Beven (1981) , and Skopp (1981) stressed that characterization of macropores should not only rely on size but also include dynamics in terms of transport characteristics, such as continuity and tortuosity. The complex relationship between void geometry and flow characteristics has led to indirect ways of classifying pore space (Beven and Germann, 1982) : (i) a measure of effective pore size is related to matric potential through the Laplace capillarity equation (see below) and that to the water content through the soil moisture retention curve; (ii) volumetric fractions of the pore space can be related to hydraulic conductivity, which can be measured by a tension infiltrometer at the field scale; and (iii) in laboratory-column studies, macropores are evidenced by early and rapid breakthrough curves of applied solutions (e.g., dye tracers) (Germann and Beven, 1981; Watson and Luxmoore, 1986) . Fig. 2 . Conceptual framework of riparian transport processes. Overland processes include rainfall events and surface runoff through riparian boundaries. Water infiltrated into the soil to the shallow water table increases the soil moisture profile, water flow rates of both matric and macropore domains, and surface runoff.
A survey of potentially suitable methods of characterizing MF in the RVZ is presented in Table 1 . Some techniques are implemented to supplement previous ones, such as fractal (Peyton et al. 1994 (Peyton et al. , 1997 Rice et al., 1999) and multifractal (Ogawa et al., 1999; Posadas et al., 2003; Tarquis et al., 2006 Tarquis et al., , 2009 methods. These are used to interpret reconstructions made by computing techniques of scanning images or image analysis (X-ray, computerized axial tomography [CAT scan], magnetic resonance imaging, electrical resistivity tomography, light transmission method, photon emission, g-ray, and neutron imaging). Another method of growing interest is that of meta-analysis, such as the study from Koestel et al. (2012) , which investigated soil properties and factors affecting MF by analyzing 733 breakthrough curves. They showed that MF is generally a more important flow mechanism than finger or funnel flow and that preferential solute transport under steadystate flow conditions is dependent on soil texture, where moderate preferential transport is only possible beyond the threshold of 8% clay (i.e., MF is absent for columns filled with clean sands or sieved soil). They concluded that travel distance, water flow rate, and saturation are important to develop pedotransfer functions for solute transport.
It is important to keep in mind that suitable methods to characterize MF also depend on the scale of interest. While MF is regularly considered in hydrogeological (aquifer recharge) settings (Meier et al., 2001; Knudby and Carrera, 2005) , the scale and information available is typically very different to those in soils. Macropores related to hydrogeological fractures and fissures are typically large and can contribute significantly to the dynamics of groundwater elevation, flow, and transport that can be readily studied based on well monitoring networks. As a result, MF can be inversely estimated as the n-member of the mass balance from piezometric readings, pumping tests, anomalous breakthrough curves of tracers collected at wells, and the main characteristics of the aquifer formation (Meier et al., 2001 ). However, in field vadose zone studies, the flow (percolation) and transport (leaching) at the bottom boundary is rarely monitored directly to correct conceptual and mass balance errors introduced by MF (Allaire et al., 2009; Koestel et al., 2012) . Passive capillary lysimeters are used in a few cases, but there is concern about their representativity and soil disturbance (Brandi-Dohrn et al., 1996; Zhu et al., 2002) . Instead, most studies rely on direct measurements of capillary pressure and soil water content and composition, from which percolation and leaching are estimated. As a result, in vadose zone studies, there is significant uncertainty when using pressure potentials or water content to characterize MF through inverse optimization methods because the water movement through macropores is often so fast that the potential gradients between domains differ. Although new monitoring and description techniques are promising, knowledge of the different connections and interactions of flow and transport processes between the macropore and matric domains are still incomplete in many practical situations such as in the RVZ.
Water Flow and Solute Transport in Macropore Flow
The classic theory of vertical water flow in porous media assumes that soil characteristics can be horizontally averaged. This is represented by a sequence of representative elementary volumes along the soil profile, where the water enters each representative elementary volume before moving to the following one in a diffusive pattern. In a saturated porous medium, water flow and the pressure head are linearly related following Darcy's law (Darcy, 1856) . Unsaturated porous medium flow is traditionally described using Richards' (1931) equation, which combines the Darcy and Buckingham (1907) law with the continuity equation. However, the classical Darcian theory does not suit the non-sequential wetting pattern occurring due to heterogeneities and MF that bypass the soil matrix (Jarvis, 2007; Nimmo, 2010) .
Under capillarity theory, expressed by the Laplace equation (DP = 2s/r c ), where s (J m −2 ) is the surface tension of water and r c (m) is the radius of a soil capillary (pore), MF generates at near saturation when the water-entry pressure of the pore at the interface (DP) is exceeded (Jarvis and Larsson, 2001 ). Jarvis (2007) proposed that MF occurs when the water-entry pressure exceeds values of approximately −10 to −6 cm. As water starts to flow into the macropore, small increases in the soil water pressure will lead to large increases in the macropore flow rate, which are inadequately described by capillarity theory and often require nonDarcian approaches (Stokes' law, kinematic wave, etc.), described below. The water transfer rate between the soil macropore and matrix domains (G w ) is typically described by a first-order expression proportional to either the difference in water content or the pressure difference (Šimůnek et al., 2003) . Exchange of matter between domains may occur in a reduced portion of the whole interface, e.g., when there is an accumulation of potentially hydrophobic organic compounds produced by plant root exudates, subsurface waxes from plant leaves, and fungal and microbial byproducts or a coating of water-repellent compounds on some soil minerals or soil aggregate surfaces (Morales et al., 2010) . Jarvis et al. (2016) pointed out the lack of models capturing the effects of water repellency on MF generation.
Solute transport in macropores includes two distinct processes: solute transfer through the macropore-matrix interface and longitudinal solute transport along a macropore. The solute transfer rate (G s ) may be described as a linear relationship between the concentration gradients in the two regions. In tracer experiments, breakthrough curves often show a fast increase and a long tail when macropore flow is active (Feyen et al., 1998) . This long tail has been interpreted as the result of the mass transfer between pore regions (Paul et al., 2001) . Solute transport through porous media may be quantified by two variables: mean velocity and solute dispersivity (Feyen et al., 1998) . Longitudinal solute transport through macropores has been traditionally modeled using the convective-dispersive equation, assuming that the transport process is driven by the convective term.
In summary, generally (i) soil matrix flow in the RVZ is adequately described by Darcian capillarity principles represented by Richards' equation; (ii) the water and solute transfer rates through the macropore-matrix interface is often determined with a linear relationship of the gradient between water pressures or solute concentrations; and (iii) non-Darcian (Stokes' law, kinematic wave, etc.) and a convective-dispersive equation is often used to describe longitudinal flow and solute transport through macropores by assuming negligible dispersion. Much development of alternative MF theories and models has taken place in the last several decades, as briefly described next.
Modeling Macropore Flow
To include MF, the traditional modeling approach often divides the soil profile into two or more exchanging flow domains, whereas some only consider a single MF domain (Fig. 3) . Thus, many researchers in the last several decades have classified MF models as a function of the number of domains considered and the presence or absence of water flow through them (Table 2; Fig.  3 ). Although the conceptual description of some categories has changed with time, the MF models can be classified as single porosity, dual porosity, dual permeability, and multi-permeability. Most of the current MF models have been developed for horizontally Fig. 3 . Classification of conceptual models of water flow and transport in porous media. From left to right: single-porosity models consider only water flowing through the soil matrix; double-porosity models consider the mobility of water along the macropore and through the macropore-matrix interface; and double-permeability models extend the previous category including also water flowing into the soil matrix.
heterogeneous soils. These models consider the exchange of mass through the interface and local equilibrium in each domain. However, a field-scale MF model relies on the dimension of soil depth. This is especially true in the RVZ due to the seasonal SWT. The MF models thus can also be classified based on whether they are vertically homogeneous or vertically heterogeneous (Table 2) . Here, a review of some simplified infiltration modeling approaches that ignore MF is presented first as a conceptual background, followed by approaches that include MF.
Simplifi ed Infi ltration Models without Macropore Flow
Without consideration of MF, many empirical and physical approaches to infiltration into the soil matrix domain have been proposed over the years. See other extensive reviews for a more comprehensive review of simplified infiltration models (e.g., Ravi and Williams, 1998) ; here we present a few historically important approaches and their extensions that provide important concepts on which holistic modeling of MF could be built. Even though they cannot be applied directly to describe MF, simplified infiltration models and their extended versions are also the foundation for state-of-the-art models able to analyze the effects of a SWT presented below.
Fundamental principles of Darcian (matric) soil water movement were outlined by Buckingham's (1907) capillarity potential and capillary conductivity (Philip, 1957) . Green and Ampt (1911) first described the infiltration of water into soils through a physical Darcy-based equation. They developed the idea of a homogeneous soil ponded at the surface formed by a bundle of capillary tubes with an initial uniform soil water content and constant hydraulic conductivity (K s ), saturated water content in the wetted zone, and constant negative pressure at the flat (piston flow) advancing wetting front (Green and Ampt, 1911; Bouwer, 1969) . The work was later generalized for more realistic unsteady rainfall (initially non-ponded soils) conditions (Mein and Larson, 1971; Chu, 1978) . Mein and Larson (1971) introduced a correction of the Green-Ampt model considering two stages during a constantprecipitation event: prior to and after runoff (i.e., non-ponding and ponding conditions). The model is based on a constant intensity rainfall (r) and uniform antecedent soil moisture (q 0 ) along the soil profile. Chu (1978) developed a modification of the GreenAmpt equation describing infiltration into a homogeneous soil under unsteady r. Two parameters to differentiate between time to ponding (t p ) and without ponding (t w ) conditions were described following those of Mein and Larson (1971) . An analytical description of the infiltration process during unsteady rainfall events was given. Also, an explicit function to obtain the ponding time of the corresponding soil can be expressed as
where n is a subscript defining a short period, thus t n is the terminal time for a short period (h), and t n−1 is the initial time of the same short period; f is the gradient of capillary potential before and after wetting (m), and P and Re are the cumulative rainfall and cumulative rainfall excess (m), respectively. Richards (1931) provided the first fundamental equation of matric flow and water redistribution in unsaturated soils by combining the extended Darcy-Buckingham unsaturated flow equation with the continuity equation. In his seminal work, Philip (1957) delivered a physical understanding of infiltration through the development of the first analytical solution of Richards' equation:
where q is the water content in the soil matrix (m 3 m −3 ), D is the soil-water diffusivity (D = K ¶h/ ¶ q) and z is depth (m). Solving the partial differential equation, Philip obtained the cumulative infiltration, I:
where S is the soil sorptivity or the capacity of the soil to absorb or desorb water through capillarity (m s −1/2 ) and t is time. Parlange et al. (1985) also developed an analytical solution for cumulative infiltration in homogeneous soils under constant surface ponding, noting that the infiltration rate would be more accurate in relation with the Green-Ampt solution as the ponding depth increases.
The first approach that accounted for heterogeneous soil profiles was based on either increasing q or decreasing K. Childs and Bybordi (1969) studied the infiltration of water in a stratified soil profile consisting of n layers of different porous material with a decreasing conductivity downward. Bouwer (1969) combined the Green-Ampt infiltration model, the Philip (1957) equation, and a finite difference scheme to provide a solution to infiltration behavior into nonuniform soils (first in soils with increasing q with depth and then in soils with decreasing K with depth): Table 2 . Classification of models based on their vertical dependence.
Model class
Vertically heterogeneous Vertically homogeneous
Single porosity rivulet (Germann et al., 2007) Ross and Smettem (2000) momentum dissipation (Germann and Di Pietro, 1999) Dual porosity kinematic wave (Germann, 1985) Deans (1963), Coats and Smith (1964), van Genuchten and Wierenga (1976) Dual permeability source-responsive (Nimmo, 2010 ) Gerke and van Genuchten (1993a , 1993b , MACRO (Jarvis et al., 1994) Multi-permeability TRANSMIT (Hutson and Wagenet, 1995) , MURFT (Gwo et al., 1995) p. 8 of 20
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where q is the rate of infiltration per unit area, and the subscripts s and i refer to the saturation and initial water contents, respectively. Beven (1984) also modified the Green-Ampt model for a nonuniform soil but with the K values decreasing exponentially with depth. Beven's results highlighted that macropores may dominate the flow when the soil surface is close to saturation. Liu et al. (2008) further extended the Green-Ampt infiltration model into a heterogeneous soil profile formed with layers of nonuniform soil water distribution and for unsteady rainfall represented by a piecewise linear function.
Their model was applied to a uniform soil and compared with a modified Green-Ampt model (Parsons and Muñoz-Carpena, 2000) for uniform soil and unsteady rainfall conditions. The two models provided similar results for both simulations.
The Green-Ampt model has been widely used since its publication because of its flexibility, simplicity, accuracy when properly parameterized, and because its parameters can be directly or indirectly determined through experimental measurements or textural classification (Bouwer, 1969; Rawls et al., 1982 Rawls et al., , 1983 . The processes added to the Green-Ampt model over the years (initial non-ponding or ponding conditions, unsteady rainfall, heterogeneous soil profile, and a SWT when present) are required to define a comprehensive soil matrix infiltration model of the RVZ (Fig. 2) . This makes Green-Ampt an attractive alternative for coupling with MF models discussed below. A comparison of extended Green-Ampt-based infiltration models is given in Table  3 . Discussion of the SWT extension of Green-Ampt suitable for RVZ is provided below.
These works provide foundational knowledge of infiltration considering a single soil matrix domain, which is a necessary first step for the consideration of the MF domain as presented below and for coupling SWT models within the RVZ discussed below.
Single-Porosity Macropore Flow Models
Single-porosity MF models (Fig. 3) consider only water flow along the macropore. Therefore, soil matrix water flow, mass transfer between matrix and macropore domains, and longitudinal solute transport in the macropore are not included. Germann and Di Pietro (1999) reported that MF is governed by the dissipation of momentum in well-structured soils over a considerable distance when the initial soil moisture and the infiltration rate are high enough. On the contrary, diffusion dominates flow in finer soil pores at low flow rates. They proposed a vertically heterogeneous single-porosity MF model (Table 2) using Stokes' law to describe laminar MF as films of a determined thickness (F). Under Newton's shear stress (Fig. 4) , gravity is the driver of flow, whereas momentum dissipation due to viscosity opposes it (Beven and Germann, 2013) . The macroscopic linear momentum balance is expressed as ( ) ( )
where g is the acceleration due to gravity (m s −2 ), q f is the volume flux density (m s −1 ), y is the matric potential (m), h is the kinematic viscosity of water (m 2 s −1 ), T is a tensor related to tortuosity of the volume occupied by the liquid (m m −1 ), and B is a secondorder tensor related to the liquid-solid contact area (m −2 ). The left-hand side of Eq.
[5] expresses the total rate of momentum change. The first term on the right-hand side of the equation represents momentum from gravity and capillarity. The second and third terms represent momentum dissipation due to viscosity and friction, respectively. At modest tortuosities (T » 1 m m −1 ) and small interface contact areas (B ® B min ), conductivity (K) is at its maximum value. This occurs during laminar flow (low values of the Reynolds number) in cylindrical pores. In a slab of water (Dl by f by dH = contact area by thickness by height, respectively) flowing downward along a vertical plane (Fig. 4) , the shear stress (t) can be expressed by Newton's law:
Integration of Eq.
[6] yields the velocity profile:
From the mass (kg) of the infinitesimally thin layer dM = dH´l´ df´r, where df is a differential of water thickness from the macropore wall to the total film water thickness F (0 £ f £ F), and ρ is density of water (kg m −3 ), the dI momentum (kg m s −1 ) of the layer is obtained:
With the water content in the macropores 
After considering water f lowing with Stokes behavior, Germann and Di Pietro (1999) proposed that water infiltrates into the soil as a rectangular pulse with a volume flux density in the form of a potential relationship (q f = bq f a ), where q f (m s −1 ) is the volume flux density in the macropore, a is a kinematic exponent, and b represents and empirical macropore conductance parameter. They calculated water flow coupling these variables obtained from the Stokes flow assumption for low Reynolds values and the kinematic wave model that was proposed by Germann (1985) , yielding both the velocity and position of the wetting and draining fronts in the three stages of the model described previously (Table 4) . Rivulet of shear flow, by Germann et al. (2007) , is another single-porosity, vertically heterogeneous mechanistic model ( Table  2 ) that combines both Stokes flow and kinematic wave. As in Newton's shear stress, these researchers defined a rivulet (Fig. 4) as a water film with a free surface continuous from the surface to the usual depth of the macropore network (z » 0.5 m). They included some variations with respect to the previous approach, such as a semi-parabolic velocity profile in the rivulet:
From the macropore wall to the total film thickness (0 £ f £ F) there is an incremental volumetric flux [dQ = lv( f )df ]. As before, the water content of a rivulet is described in terms of the slab's volume (q R = lF/A). The contribution of a rivulet to the volume flux, q R , is proportional to the cubic power of q R , and the constant of proportionality is defined as the conductance of a rivulet.
The essential parameters for the rivulets of shear f low are F = Ö(3v w h/g) and the specific contact length L = q R Ö[t w (z)g]/3zh (m 2 m −3 ), with frequency distributions in the range of 5 £ F £ 120 mm and 400 £ L £ 20,000 m 2 m −3 . Rivulets may be broken up into discrete transitions from Stokes flow to plane Poiseuille flow. Depending on the degree of saturation (S = q/e, where e is the soil porosity), the flow may evolve into different types following either Darcy, Stokes, or plane Poiseuille flow, as summarized in Table 5 .
With the assumption of local equilibrium, q = q e (h), where q e (h) is the soil water retention function, Ross and Smettem (2000) proposed a vertically homogeneous single-porosity model (Table  2) , where ¶ q/ ¶t can be specified as
where f (q,q e ) is a known function of the actual and equilibrium water contents. For large Dt, they approximated ¶ q/ ¶t @ f (q,q e k+1 ) iteratively between iterations k and k + 1 by from which q k+1 can be obtained. They assumed that f (q,q e k+1 ) = (q e − q)/W, where W is a first-order equilibration constant. From f (q, q e k+1 ) and Eq.
[12], an approximation is given by a finite difference scheme:
Overall, single-porosity models describe water flow in the macropore domain without consideration of any other transport process (e.g., mass transfer at the interface, water flow in the soil matrix, or solute transport). These models are usually applied when Table 4 . Main equations of the Stokes flow and kinematic wave approach (Germann et al., 2007) .
After D intercepts (I) W t ³ t I v w = b 1/3 [q R t S /2(t −t S )] 2/3 q(z w ) = [q R t S /2b(t −t S )] 1/3 † t w , time of wetting shock formation; t S , end of infiltration time; t D , time of draining front development; t I , time at which draining front intercepts the wetting front. ‡ v(q), velocity of the wetting front; subscripts w, S, and D describe the wetting front, the end of infiltration , and draining front conditions, respectively; subscript R describes a particular variable in the rivulet of shear stress. Conductance of a rivulet is defined by b = g/(3hL) 2 , where g is the universal gravity constant (9.81 m s −1 ), h is the viscosity causing momentum dissipation toward the macropore-matrix interface, and L is the length of contact of the rivulet with the macropore-matrix interface.
data are scarce (Ross and Smettem, 2000) or as an extensive physical description of MF (Germann and Di Pietro, 1999; Germann et al., 2007) .
Dual-Porosity Models
In the dual-porosity MF models, the soil matrix domain is considered as being immobile or stagnant, whereas water flow and solute transport occur in the macropore and through the macropore-matrix interface.
Accounting for the tailing or asymmetry noted in effluent concentration profiles from soil columns, Deans (1963) modified the convective-dispersive equation to include diffusion or mass transfer into a stagnant soil pore volume or immobile phase (Coats and Smith, 1964) . Coats and Smith (1964) expanded Deans' vertically homogeneous model to include longitudinal dispersion:
where q f and q m are the water content in the macropore and the soil matrix (cm 3 cm −3 ), respectively; C is the solute concentration (kg cm −3 ), v f is the average pore-water velocity in the mobile liquid, and a is a mass transfer coefficient (d −1 ). Van Genuchten and Wierenga (1976) proposed the mobileimmobile zone model, a vertically homogeneous dual-porosity model (Table 2) , by partitioning the liquid phase into mobile in the interaggregate (q f ) and immobile in the intra-aggregate (q m ) regions (Šimůnek et al., 2003) :
They reported that the mobile-immobile zone model describes the outflow data well at low velocities but is inadequate at high velocities. To explain the tailing of asymmetry noted in outflow concentration profiles, they suggested a reduction in the adsorption constant because of material removal due to the diffusion process. This approach is represented in Fig. 5 in a porous medium with various regions: (i) air spaces, (ii) mobile water located inside the larger pores (interaggregate), (iii) immobile water stuck inside the aggregates, (iv) a dynamic soil region located close to the mobile water, and (v) a stagnant soil region located inside the aggregates. The water flow formulation in the mobile region is described by Richards' equation with a first-order mass transfer equation describing moisture dynamics in the immobile region:
where q  is a sink term used for both the fracture and matrix regions, and G w represents the water transfer rate from the mobile to the immobile region.
Kinematic wave theory (Germann, 1985; Fig. 6 ) is the foundation for many posterior approaches, such as those developed by Germann and described above. In this vertically heterogeneous dual-porosity model, the kinematic wave equation describes infiltration and redistribution of single square pulses of water in the Table 5 . Types of flow in the rivulet shear flow approach (Germann et al., 2007) ; q out is the volumetric soil moisture content when drainage has ceased, e is soil porosity, q is rivulet flux density; K sat is the saturated hydraulic conductivity, and h is pressure head. macropore. The basis of this approach is that in the soil matrix, water is subject to both gravity and capillary forces, but water in the macropore is subjected only to gravity. The partial differential equations defined for flow are transformed to ordinary differential equations relating soil moisture and volume flux density q f (Germann et al., 2007) . The governing flow equation is described by a power function q f = bq f a .
The mass balance equation for a kinematic wave in macropores was described by Germann (1985) as
where c = dq f /dq f is the kinematic wave velocity (celerity). Germann and Beven (1985) included a sink function due to sorption by the surrounding soil matrix, the sorbance G w :
The kinematic wave model's framework (Fig. 6) is divided into three different stages describing the infiltration and redistribution of one square pulse of duration t s and volume flux density q s : (i) propagation of the wetting front from t w until the input ceases at t s (t w £ t £ t s ) as the kinematic shock wave; (ii) propagation of a draining front D at t s and development of a trailing wave until the draining front intercepts the wetting front at t I (t s £ t £ t I )-at t s the macropore moisture content at the surface decreases from q fw to 0; (iii) the draining front intercepts the wetting front at t I ; and (iv) attenuation of the wetting front (t I £ t £ ¥). As soon as the draining front intercepts the wetting front at t I , the moisture content of the peak starts to attenuate, q fp £ q fw .
One of the advantages of this approach is the reduction in the number of parameters, since there are no water retention properties of the macropore region required. A disadvantage is that the kinematic wave equation is limited to vertically downward (gravity-driven) flow because capillarity is ignored. Dual-porosity models, on the contrary, can describe both vertical downward flow during infiltration and upward flow during evaporation.
In summary, dual-porosity models consider immobile water flow in the soil matrix. Macropore flow has evolved from the first using the convective-dispersive equation (Deans, 1963; Coats and Smith, 1964) , to Richards' equation (van Genuchten and Wierenga, 1976) , and finally to a power law expression (Germann, 1985) . Dual-porosity models might be applicable in the RVZ because the flow in this system occurs predominantly through macropores when the soil is saturated or nearly saturated.
Dual-Permeability Models
Dual-permeability models include a mobile soil matrix domain (instead of immobile as seen before) within all the processes described in the model. Gerke and van Genuchten (1993a, 1993b ) considered Darcy-type flow in both the macropore and soil matrix. Their approach is classified as a vertically homogeneous dual-permeability model. The transfer of water and solutes between the two pore regions is described by a first-order relationship (Jarvis, 2007) . It is hypothesized that three conductivities describe those processes: K f (h f ) and K m (h m ) for hydraulic conductivities as a function of macropore and matrix pressure head, respectively, and K a ( h ) as an effective hydraulic conductivity describing the exchange of water between the two pore systems depending on the average of their pressure heads ( h ). The water transfer between pore regions is a function of the pressure gradient between the domains:
Water flow in the fracture and matrix domains is given by coupled Richards equations for each domain: 
Solute transport in the two domains is described by a coupled set of convective-dispersive equations:
Another vertically homogeneous dual-permeability approach (Table 2 ) is used in the MACRO model (Jarvis et al., 1994) . When working in two domains, MACRO divides the soil into macropores and micropores. Infiltration is approached with Richards' equation, but when h(q) exceeds a determined threshold, the flow is modeled under a power law (Germann et al., 2007) . Each of these regions is characterized by a degree of saturation, a conductivity, and a flux, whereas the macropore-matrix interaction term is described by a convective exchange of water and a diffusive exchange of solutes between domains. When set in one domain, the model is reduced to a Richards' equation for the water flow and a convective-dispersive equation for the solute transport. In the two-domain mode, MACRO uses Richards' equation for the micropores and a sink term for root water uptake. Water motion in macropores is described by a power function q f = K s f (q f /q s ) a , where K s f is the macropores conductance parameter or the hydraulic conductivity of macropores at full saturation. The model divides the net rainfall into water that moves into micropores and the rest into macropores. Solute transport is defined by the convective-dispersive equation with sink terms to represent the plant root uptake and biodegradation. It assumes a linear sorption isotherm and that convection dominates the transport process in the macropore. Finally, the exchange of water and solutes between the macropore and soil matrix domain is defined by a linear relationship between saturation and concentration, respectively:
where d is an effective "diffusion" path length, b is a shape factor depending on the geometry, g = 0.4 is a scaling factor (Šimůnek et al., 2003) , and D w is the effective water diffusivity, given by
where D qm is the soil water diffusivity at saturation in the matrix and D qf in the macropore, and S e f is the effective saturation of the macropores. The traditional representative elementary volume approach given by Richards' equation assumes a sequential advance of water. Unfortunately, this approach fails to predict the heterogeneous, non-sequential distribution of water flow both laterally and vertically. The source-responsive (SR) model (Nimmo, 2010) accounts for this by dividing the soil into a diffuse domain (D) and a macropore or SR domain (S) (Fig. 7) . The D represents water flow through the soil matrix by Richards' equation; S is characterized by the capacity for MF and its degree of activation (Nimmo and Mitchell, 2013) . In this vertically heterogeneous dual-permeability model, the irregular patterns of water flow are described as nonsequential. A transfer term represents abstraction from the S to the D domain. In this two-domain model, D is always active. In the SR domain, water flows as films clinging to the walls of macropores, similar to what occurs under a laminar regime in Stokes flow. The SR model is highly influenced by variations in the supply of water that generates the flow. Depending on the water source, the S domain is only sometimes active (Nimmo, 2010) . The capacity for MF (M) represents the macropore internal facial area per unit volume of the bulk medium [L −1 ] that can support a flowing water film, e.g., hydrophobic portions can be excluded (Morales et al., 2010; Jarvis et al., 2016) . The other critical parameter to characterize the S domain is the active area fraction f (z,t), which represents the conducting MF active at a given time, taking values between 0 and 1. Water is absorbed into the D domain and seeps out into the S domain, depending on the water content of both domains, where q e is the water content at equilibrium between S and D. The exchange is modeled by a first-order diffusive term, where q abs is the abstractive flux density, and u is a coordinate orthogonal to the interface and positive to the D domain:
The difference in water content between the interface and the matrix is approximated by
In a representative elementary volume of the system, the rate of change in water content is defined by ( )
where G is analogous to the geometric coefficient b of Gerke and van Genuchten (1993a) . The SR water flow q s is derived by applying the continuity equation [i(t) = i S (t) + i D (t), where q s = i S ] to Eq.
[31]:
During substantial constant-rate infiltration, vertical fluxes are assumed to be dominated by the S component, and the D component is negligible:
The f (z,t) is a step function that is related with the infiltration rate (i), the maximum rate of SR infiltration at the given location (i 0 » 30 mm h −1 , based on empirical observations), and the characteristic travel time, t l (z), by p. 14 of 20
Finally, from Eq. [35] and [36] , the water content at a given time and location is determined as 
Dual-permeability models consider the dominant flow and transport processes required in MF modeling in the RVZ (Fig. 3) , and consequently they are potentially the most applicable models for riparian zones. Transport in the RVZ is dominated by MF during infiltration events due to the prevalence and fast response of macropores. However, the influence of matrix flow must be considered. It is worth mentioning that the SR model (Nimmo, 2010) behaves as a dual-porosity model during infiltration by neglecting matrix flow. The SR model is also the first MF model that considers a water table response (Nimmo and Perkins, 2008) , whose importance is discussed below.
Multi-porosity and Multi-permeability Models
Despite being conceptually similar to their corresponding dual versions, multi-porosity and multi-permeability models overlap n regions or domains. All these domains are described by Richards' equation and convective-dispersive equation for water flow and solute transport, respectively. The conductive and diffusive mass exchanges among the domains are often defined by empirical exchange-convective transfer coefficients in firstorder expressions.
Multi-domain models typically need soil hydraulic conductivity [K i (h i ), i = 1, 2, …, n], and soil water retention [q i (h i ), i = 1, 2, …, n] relationships as a function of the pressure head, h i , for each of the n domains, including the terms accounting for the interaction or exchange of water or solutes between the different domains. Examples of this category of models include TRANSMIT developed by Hutson and Wagenet (1995) and MURF/MURT developed by Gwo et al. (1995) , in which only three overlapping regions are considered: primary fractures, secondary fractures, and the soil matrix. This approach is similar to the three-domain concept of Luxmoore (1981) that considers micro-, meso-, and macroporosity.
Shallow Water Table Influence on Infiltration and Macropore Flow in the Riparian Vadose Zone
The presence and influence of a SWT is of critical importance throughout the riparian area. A SWT will increase the antecedent water content along the soil profile, resulting in a reduction in the infiltration capacity of the soil and thus a reduction in the threshold at which overland runoff occurs (Salvucci and Entekhabi, 1995; Liu et al., 2011; Muñoz-Carpena et al., 2018 ). This in turn will introduce important feedbacks into MF formation (the activation threshold will occur sooner) and diffusion exchange with the soil matrix. In spite of its importance, current MF models generally do not consider SWT effects. The importance of coupling a component corresponding to a SWT with a MF model, therefore, should be emphasized in the development of mechanistic infiltration models for the RVZ.
Without consideration of MF, simplified infiltration models have been extended to analyze the effects of a SWT. Salvucci and Entekhabi (1995) developed an infiltration model bounded by a water table in steady state. Infiltration is described under ponded conditions and into a soil profile in which K decreases linearly with depth. The time of the advancing wetting front depends on the a slope of the front as a function of the soil texture (a ? 0 for coarse soils and increases with fine soils). Chu (1997) extended the Green-Ampt infiltration model under nonuniform q 0 conditions in areas with a SWT presence. Two cases were described, one with a known q 0 profile and the other with an unknown soil-water profile but known water table level. The first case can be solved with Bouwer's (1969) infiltration rate equation (Eq. [4] ). In the second case, the equilibrium condition (h i = L − z) from Childs (1960) is applied to the soil-water characteristic curve to provide an approximate initial soil-water condition:
where L is the water table height [L] . The equation given by Neuman (1976) can be derived under this condition: Liu et al. (2011) also presented an extension of the GreenAmpt model to account for the presence of a SWT based on an empirical approximation of the critical time for the infiltration wetting front to reach the SWT derived from Richards' equation simulations. The method does not account for a heterogeneous initial soil water content profile or unsteady rainfall conditions. SWINGO further extends the Green-Ampt infiltration model for initially non-ponded soils under unsteady rainfall conditions with a SWT. SWINGO considers an initial hydrostatic "drained to equilibrium" condition (Bouwer, 1969; Salvucci and Entekhabi, 1995; Chu, 1997) , whereby an expression for the soil q as a nonlinear function relating the soil depth and the water table depth can be obtained based on the soil water characteristic curve q = q(h). With the mentioned boundary conditions, the infiltration rate can be described as ( ) 
where the subscripts p and w refer to ponding and column saturation, respectively. When the wetting front arrives at the capillary fringe, t w at z w , the infiltration rate is reduced to f w . The characteristic times t p and t w and z w are calculated based on closed integral formulae proposed by the researchers. Muñoz-Carpena et al. (2018) showed that good results can be obtained when the slope of the wetting front is taken as a = 0 across a wide range of soil types, and extended the approach to include a surface water budget to calculate the infiltration rate, excess rainfall, q redistribution profiles, and the wetting front position at each time step for initially non-ponded soil under unsteady r. Lauvernet and Muñoz-Carpena (2018) coupled SWINGO with a widely used vegetative filter strip and riparian buffer design model, VFSMOD (Muñoz-Carpena et al., 1999; Muñoz-Carpena and Parsons, 2004) , that contains overland flow and transport processes, and Fox et al. (2018) experimentally tested the coupled model under controlled laboratory conditions.
When MF is present, the existence of a SWT can potentially increase the rate of MF transport of water and pollutants through the RVZ. The presence of a SWT increases the soil moisture content, resulting in an immediate reduction in infiltration capacity. This will increase excess rainfall at the surface, which can potentially increase MF transport. The MF increase (Heeren et al., 2015) along with the increase in matrix moisture content result in a reduction of mass transfer from macropore to matrix, potentially increasing the transport of contaminants to the SWT and from there to surface water bodies adjacent to the riparian area (Fuchs et al., 2009; Fox et al., 2011) . Nimmo and Perkins (2008) provided evidence that when water fills a macropore, flow and transport can be very fast toward the groundwater and the stream nearby. This rapid path can be an important pathway for aquatic pollutants like N and P combined, which are the main causes of pervasive eutrophication issues (Doering et al., 1995) . For example, while N transport in its mobile oxidized form (e.g., NO 3 − ) is common through the soil matrix, generally P is not considered mobile because it readily adsorbs to soil. However, in the presence of MF and a SWT, P could transport vertically through MF and move then laterally (and fast due to high hydraulic gradients) in the SWT to the adjacent surface water bodies. In spite of its potential importance, the influence of a SWT on MF has not yet been analyzed.
Comparison of Macropore Flow Models
The MF models described above are evaluated in Table 6 . A qualitative evaluation is given for each component of the models being compared in terms of their initial potential to best represent the dynamics of the RVZ depicted in Fig. 3 . A negative sign is assigned to those components that either are not considered in a particular model or are not adequate for their inclusion in a model for the RVZ. Those components that exist and are adequate for being implemented in a MF model in the RVZ are marked with a positive sign. The number of criteria met by each model is included.
The single-porosity models are described as two different kinds of approaches. The one given by Ross and Smettem (2000) assuming vertically homogenous MF is a parsimonious approach to be used when data are scarce. The other vertically heterogenous approaches consider both momentum dissipation and rivulet shear flow. These mechanistic models find difficulties in meeting the requirements for a theoretical concept applicable at the field scale (Gerke, 2006) . In the rivulet approach (Germann et al., 2007) , the exhaustive physical description of the pore makes it very difficult to be applied at a meso-or macroscale. Nevertheless, this mathematical framework can be considered as a strength due to the complexity of MF in a RVZ. Another advantage of the rivulet approach is that it is a vertically heterogeneous model, which is a critical component of a mechanistic model that is applicable at both the meso-and macroscale.
Compared with the single-porosity models, the dual-porosity models may have advantages in describing MF in the RVZ. Due to the prevalence of macropores in the RVZ, MF dominates the transport processes through the subsurface. Hence, an approach that considers flow only in the preferential pathway is worthy of being considered. The models that define water flow in macropores with a convective-dispersive equation (Deans, 1963; Coats and Smith, 1964) and with the Richards equation (van Genuchten and Wierenga 1976) might not be applicable because Darcian approaches do not adequately represent the non-sequential wetting pattern of a soil profile with the presence of macropores. An advantage of the dual-porosity models for MF in the RVZ is the reduction in the number of parameters.
Since the 1990s, the paradigm of conceptual MF schemes has been dominated by the dual-permeability models. For example, Gerke and van Genuchten (1993a) improved the dualpermeability approach given by van Genuchten and Wierenga (1976) . Besides the consideration of flux in both pore regions, the model of Gerke and van Genuchten (1993b) also accounts for a mass transfer at the interface driven by the pressure gradient between the two domains. Jarvis et al. (1994) introduced the widely used MACRO model. MACRO describes MF by a power law similar to that of Germann (1985) and water transfer between domains through the gradient in soil water content. The source-responsive approach developed by Nimmo (2010) is based on water films that cling through the macropore and deals with transient flow by combining Stokes flow with diffuse flow. Germann (2010) argued that this approach cannot accommodate transient source responses due to: (i) the different dimensionalities of time in respect to the wetting shock front in Stokes flow (third power of time); and (ii) in diffuse flow wetting progress (square of time). Germann (2010) also stated that the value given by Nimmo (2010) for the thickness of the water film and for the transport velocity are difficult to accept. Germann pointed out that Nimmo (2010) used a small sample dataset to infer a constant value, whereas Hincapié and Germann (2009) showed that the thickness of a water film can vary within a large range of values. However, Nimmo (2010) responded that the main objective of the model expressed by Nimmo (2010) and Nimmo and Mitchell (2013) was to provide a framework that can represent MF from measurable parameters in a manner that it might be predictable and applicable on a field scale. This applicability might be less in other complex theoretical frameworks, such as those from Germann and Di Pietro (1999) and Germann et al. (2007) . A component lacking in Nimmo (2010) is longitudinal solute transport, which should be accounted for when addressing preferential leaching in the RVZ. Also, the fact that during infiltration events the source-responsive model behaves as a dual-porosity model neglects the influence of matrix flow on the overall flow process. Approaches based on Stokes flow are thrilling and elegant approximations in modeling MF. However, a compromise must be found between complexity and parameter identifiability such that coupling MF and all other processes from the pore scale to the catchment scale is feasible.
Since the first extended infiltration models included heterogeneities in hydraulic conductivities and water content with depth (Childs and Bybordi, 1969; Bouwer, 1969) , MF and infiltration models have advanced to include several important components especially important for holistic RVZ modeling. These are: (i) the differentiation of ponding and non-ponding conditions affecting the degree of activation of MF in the RVZ; (ii) the inclusion of unsteady rainfall conditions, triggering stochasticity on the riparian system dynamics and feedbacks from surface runoff to the SWT; and (iii) the consideration of the common seasonal water table boundary often found in RVZs (Salvucci and Entekhabi, 1995; Chu, 1997; Muñoz-Carpena et al., 2018) , altering the dynamics of the infiltration process and the soil moisture profile in a riparian zone.
Perspectives and Recommendations
Because the MF phenomenon is an important (and often ignored) process in the RVZ, we reviewed and compared models of flow and transport in MF and discussed their suitability to the RVZ. Although both single-and dual-porosity approaches have been widely used, the dual-permeability approach meets most of the desirable criteria for modeling MF in the RVZ (Table 6 ). This is due to the improvements done to these models during the last decade in defining water flow through a non-Darcian (Stokes) approach, while the matrix flow component is adequately modeled through Darcian (Richards' or derivatives) approaches. We submit that despite the great influence that macropores can exert on transport, most of the flow and transport (albeit slower) still resides in the soil matrix, and this must be properly described in comprehensive riparian zone models. In addition, dual-permeability models must be linked with SWT routines through the matrix component to achieve a better approximation of the soil water dynamics between matrix, macropores, and the SWT.
The Stokes approach in general describes MF the best in the laminar Reynolds regime. High consensus is reported with respect to mass exchange through the macropore-matrix interface, defined by a linear relationship of the gradient between water pressure or solute concentration. Solute longitudinal transport along the macropore can be adequately expressed by a convective-dispersive equation. A process that has been neglected during past MF modeling efforts is the influence of the SWT often present in the riparian area.
Most of the models in the literature contain theoretical approaches based on pore-scale mechanisms. However, there is a gap between the idea of how the water flows in a pore and what impact MF has at the field scale. How to experimentally characterize MF morphology, distribution, and connectivity at the field scale is still a limiting factor. With the current advances in noninvasive imaging techniques (e.g., X-ray, magnetic resonance imaging, and the light transmission method) as well as more traditional experimental methods (e.g., breakthrough curves, time-domain reflectometry, tensiometers, and suction cups), geophysical techniques (e.g., ground-penetrating radar, electrical resistivity tomography, and passive capillary lysimeters), and powerful computing data analysis tools (fractals and multifractals with advanced thresholding methods), additional field studies of MF in the RVZ are crucial to test and refine MF theories and models. Noninvasive imaging techniques can be applied to determine the porosity, connectivity, thickness, and active area of macropores at the pore and core scales (Jarvis el al., 2016; Tarquis et al., 2006 Tarquis et al., , 2009 . Other techniques used to capture temporal variations in water flow and solute transport (e.g., breakthrough) and threedimensional printed copies of soils with macropores can also be coupled with imaging techniques to obtain both temporal and spatial variations during transport experiments. Hydrogeophysical noninvasive techniques such as ground-penetrating radar and electrical resistivity tomography can be applied at the field scale to characterize soil heterogeneities as well as water flow and solute transport parameters (Vereecken et al., 2006) . Passive capillary lysimeters are also a widely used technique in geophysical studies that can help in determining deep water infiltration flow near the SWT in the RVZ. Therefore, the combination of these methods at different scales (i.e., micro-, meso-, and macroscale) can have a broad impact in the physical description of macropore networks and consequently benefit the parameter identifiability of MF models, which today remains as a major challenge.
By including the suite of important RVZ processes (i.e., matric infiltration, MF, and SWT effects), this extensive literature review assists in reaching a holistic assessment of the current limitations of MF models for riparian zones and important standing questions: How do we experimentally characterize the network of macropores in the soil? How do we numerically describe such networks in simulation models in an efficient and realistic way? How do we upscale macropore-scale theories to the field? How do we best couple the soil matrix domain with a particular algorithm describing the MF domain? How do we represent the potential dynamic effects and feedbacks of the presence of a seasonal SWT on the matrix and macropore domains?
Future investigations are also needed to determine the influence of MF on contaminant transport through riparian buffers. For that purpose, the best approaches must be selected and coupled while accounting for tradeoffs between model complexity and parameter identifiability. Inductive and deductive approaches supported by well-controlled laboratory experiments are needed to develop and refine MF and transport theories and characterize their required parameters. Because current riparian buffer decision-support tools, such as VFSMOD (Muñoz-Carpena et al., 1999; Muñoz-Carpena and Parsons, 2004) do not consider MF, coupling these riparian buffer models with validated MF models will enhance our current ability to design and analyze riparian buffers for nonpoint-source pollution control. 
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